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Abstract 
A circular economy will look to chemistry to provide the basis of innovative products, made from renewable 
feedstocks and designed to be reused, recycled, or the feedstock renewed through natural processes. The 
substances that products are made of will increasing be treated as a resource equal to the raw materials, and not 
just disposed of. This perspective discusses the role of chemists in a world without waste. 
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This perspective on the circular economy is a call for chemists to value resources through responsible product 
design.  
1. Introduction to the circular economy 
On the 2nd 'HFHPEHUWKH(XURSHDQ&RPPLVVLRQ(&UHOHDVHGDQ³DPELWLRXV´SURSRVDOIRUDFLUFXODU
economy.1-3 Accordingly now would seem an opportune time to interpret the announcement, consider the 
opinions expressed thus far on the topic, and evaluate what will be expected from chemists working in research 
and development and the responsibility of chemical manufacturers in a circular economy. 
Reacting to major recessions in the first part of the 20th century, the global economic model was designed to 
reO\KHDYLO\RQµSODQQHGREVROHVFHQFH¶LQRUGHUWRJURZWKHHFRQRP\DQGVXVWDLQWKHMREPDUNHW.4 However this 
approach is only achieved at the expense of resources and therefore cannot be continued indefinitely. As well as 
encouraging shorter product lifespans, to a certain extent a conventional linear economy also rewards product 
inefficiency, overconsumption, and therefore wastefulness.5 With the increase in consumption created by a 
growing world population and greater affluence amongst developing nations,6 the problems of a linear, 
resource-to-waste economy are becoming more acute.  
Following the most recent global recession of 2009, solutions for a more stable economic model have looked 
to embrace interlinked problems such as depleting fossil reserves while also addressing the pollution they 
cause.7 A circular economy increases the value of a material resource by maximising its conversion into 
products (high value), and in doing so eliminating waste (low value). In addition, the lifetime of products is 
increased through responsible product design.8 When a product reaches the end of its function, reuse and 
recycling provides an opportunity to prolong the usefulness of its constituent parts even further. Meanwhile the 
inherent value of the material embodied in the product is extended rather than wasted. Demand for finite 
resources is therefore lessened, and consequently a circular economy is a means to reduce greenhouse gas 
emissions. 
Whereas the original (and since withdrawn) European circular economy legislative proposal was focused 
on waste management, this was replaced with a more comprehensive vision of a closed loop value chain from 
the outset of the latest proposal when first planned in early 2015 (Figure 1).9 Upon completion of the European 
&RPPLVVLRQ¶VSODQVIRUDFLUFXODUHFRQRP\LWFDQEHH[SHFWHGWKDWPDQXIDFWXUHUVZLOOQHHGWRGHPRQVWUDWHWKDW
their products have been designed in such a way that their potential for reuse and recycling is maximised. If 
chemists can appreciate the demands imposed on product designers and manufacturers by a circular economy, it 
becomes a stimulating driver for research and innovation, rather than a burden. 
 
 Figure 1. A simplified view of a circular economy in terms of material flow embodied as functional products.  
 
In order to reduce waste and material consumption, a circular economy will require consumers and procurers 
to increase their association of value with the desirable function a given product provides, not the product itself. 
This is a considerable philosophical adjustment that will take time to become widely accepted.10 Short product 
lifespans encourage repeated consumption, stabilising and protracting their markets to the benefit of the 
suppliers.11 An alternative to a business model based on product sales is one of service provision.12 When being 
paid for a particular service rather than to provide a certain quantity of product, the excessive consumption of 
primary resources and the production of replacement products actually becomes a hindrance to manufacturers.13 
In a service-based business model there is a clear economic incentive to reduce material use and increase 
product efficiency and longevity. The elimination of waste through innovative product design for enhanced 
reuse or recycling opportunities fits this philosophy perfectly. It is therefore to be expected that both suppliers 
and consumers will be seeking new materials and formulations, and the responsibility and opportunity will be 
with the scientific community to initiate relevant projects and develop the appropriate substances. 
It is not just consumer end products that are being rethought using a mentality of service provision. The 
FRQFHSWRI µFKHPLFDO OHDVLQJ¶ LV EHLQJSURPRWHGE\ WKH 8Qited Nations Industrial Development Organization 
(UNIDO).14,15 The origin of this waste minimising business approach can be traced to well established chemical 
management strategies where using less chemicals has been equated to reduced cost, risk and exposure.16 In this 
business model it is the service provided by that chemical that is paid for, (e.g. volume of water treated, number 
of articles painted) and not the quantity of chemicals purchased. With efficiency rewarding the supplier instead 
of material consumption, waste reduction is achieved. UNIDO claims that, by decoupling payment from 
consumption, chemical leasing encourages better management of chemicals with beneficial consequences for 
the environment (Table 1).17 Similar types of scheme are now operating in the consumer sector, from computers 
to clothes, and are particularly beneficial to less durable products if refurbishment or remanufacturing is 
straightforward.18 Extended producer responsibility can incentivise the inclusion of environmental aspects into 
the design of products, but how best to implement this without unnecessarily penalising businesses or 
misplacing accountability is still actively discussed in the literature.19 
 
Table 1. Specific examples of chemical leasing projects.15 
Process Country Payment  Benefits 
Metal 
cleaning 
Austria per number 
of parts 
cleaned  
Volume of solvent reduced 
by 71%, energy 
consumption halved. 
Waste water 
treatment 
Columbia per cubic 
metre of 
water 
Chemical consumption 
halved. 
Dyeing India per 
kilogram of 
textiles 
Annual savings: 2 million 
kWh of energy, 78 tonnes 
of dyes, 75 million litres of 
water. 
Painting Sri Lanka per area of 
building 
painted 
Material use 10% more 
efficient. Reductions in 
water use and packaging 
also achieved. 
Machine 
lubrication 
Serbia per hour of 
operation 
Hazardous chemicals 
replaced, and 6.5 million 
litres of water saved. 
 
Products designed to facilitate their own reuse and recycling allows the service they provide to be continued 
repeatedly, without unnecessarily depleting natural resources. When the design of a product makes recycling or 
disassembly for refurbishment and reuse technically impossible, it is equivalent to a reduction in the service that 
can be provided by the material resource contained in that product. Certain combinations of different materials 
can make separation slow or otherwise difficult, as can the means by which the components are joined.20 
Collection and treatment of products at the end of their functioning life is equally important. If the components 
of the waste stream are not easily separated, or they consist of chemicals and materials without an established 
means of being recycled, the valuable resource contained in each waste product will not be retained within the 
circular economy. 
The circular economy is clearly the combination of many initiatives.21 The complete outlook of resource 
efficiency as a waste prevention strategy has been speculated as capable of annually saving 30 million tonnes of 
primary manufacturing feedstock in the UK alone by 2020. Waste would be reduced by 20%.22 The resulting 
economic benefit across European manufacturing sectors is potentially hundreds of billions of Euros every 
year.23 A circular economy is certainly not limited to Europe, with other countries including China,24 and the 
USA,25 possessing their own initiatives. China in particular has an advanced circular economy policy 
framework, first implemented in 2002, which has evolved from basic recycling laws into a comprehensive 
ideology based on industrial symbiosis and resource conservation.24 
 
2. Chemical and material design for zero waste 
The role of chemistry in our society is not to just to continue creating the established plastic products, 
additives for formulations, and other functional chemicals. Chemists and chemical engineers should share 
responsibility for environmentally sound product design with manufacturers, by developing appropriate 
chemical substances and processes for a circular economy.26 As well as designing substances to meet specific 
application criteria, e.g. durable, non-toxic, porous etc DGGLWLRQDO µHQG-of-OLIH¶ FRQVLGHUDWLRQV QHHG WR EH
balanced against product performance. The ever demanding needs of modern society are protected by constantly 
revised chemical legislation.27 Increasingly this will be steered by a need to preserve finite resources. 
Requirements down to the level of individual chemical substances for the downstream reuse and recyclability of 
consumer products must be at the forefront of future scientific developments. For example, immobilisation of a 
catalyst allows it to be reused. This approach can retain the high activity typical of homogeneous catalysts and 
maybe even offer improved reaction selectivity.28 This is an especially useful approach for creating reusable 
asymmetric catalysts, and easily manufactured asymmetric heterogeneous catalysts continue to be discovered.29 
Similarly, introducing susceptible chemical bonds into surfactants to make them biodegrade rapidly in the 
environment (organic recycling) can be achieved without impairing product performance.30  
A recent article by Constable (presently head of the ACS Green Chemistry Institute) establishes a parallel 
between product design in its conventional sense and green chemistry practices.31 The motivation to substitute 
WR[LFUHDJHQWVDQGGHYHORSOHVVZDVWHIXOUHDFWLRQVHTXDWHGE\&RQVWDEOHWRDµGHVLJQHWKLF¶LVVWLOOWKHSUHVHUYH
of chemists and chemical engineers with the desire and imagination to change the status quo. Whereas green 
chemistry can be interpreted as a guiding philosophy for improving chemical products and process 
development,32 ultimately it is legislation (and sometimes customer pressure) that will force change. This is 
beginning to be seen with the European REACH regulation (registration, evaluation, authorisation and 
restriction of chemicals) which is leading to the identification and restriction of toxic or environmentally 
hazardous substances.33 Now measures to promote a circular economy will require European chemical producers 
and importers to change their habits regarding how they view product design in a similar way. This must be 
reflected by an enthusiasm amongst an informed generation of scientists who are able to provide the expertise 
required. Otherwise, tightening regulation and the high associated costs (e.g. of additional chemical testing) 
could all too easily be accepted as an expensive barrier, curtailing opportunities to instigate any reform in 
chemical design, production and compound selection. This does not have to be the case, for it can equally be 
considered as a catalyst for innovation. The necessary response to the increasing need to substitute hazardous 
chemicals is the development of novel but carefully considered molecules. 
A reduction in hazardous chemical use is advantageous in a circular economy. For example, plastics without 
toxic additives can be recycled safely. Efforts to reduce chemical waste and hazards must be practiced in the 
major manufacturing centres of the world, which are not necessarily located where the most restrictive 
legislation presides. For the circular economy to flourish, the principles of eco-design and sustainable material 
use must be applied proactively, and not neglected in favour of µend-of-pipe¶ WUHDWPHQWV or low value waste 
management exercises. Restricting oneself to operating within the regulated controls imposed on hazardous 
substances will certainly curtail innovation, while investing in benign alternatives has long term benefits. 
,W LV HDV\ WR UHFRJQLVH WKDW LI SURGXFWV DUH UHXVHG DQG UHF\FOHG LW OHVVHQV GHPDQG IRU WKH SODQHW¶V ILQLWH
resources. To actually achieve effective material recirculation in a circular economy the initial design of 
products is crucial. The importance of product design should not be overshadowed by waste management, which 
essentially has the purpose of treating waste by economical means. Waste management consists of general 
practices that often apply to heterogeneous and changing waste streams.34 An understanding of the waste 
hierarchy established by the EU waste directive helps to visualise the relative benefits of each end-of-life option 
(Figure 2).35 Products inherently designed to be quickly disassembled and either remanufactured or refurbished, 
or easily repaired when needed,36 can be returned to use with high efficiency rather than risk being sent to 
landfill or incinerated simply out of convenience. The EC circular economy action plan proposes to revise the 
EU waste directive to better reflect the requirements of a circular economy.37 
 
 
Figure 2. The waste hierarchy as defined by the European waste directive 2008/98/EC. 
 
The design of smartphones and the habits of their users illustrate the aforementioned waste hierarchy quite 
well. Smartphones contain a large number of different elements (40-50 in the current generation of devices), and 
poor product design is well known to unnecessarily limit the feasibility of metal recycling.38 The design of the 
product can also greatly impair the ability to repair any damage to the smartphone (Figure 3). If the functioning 
lifetime cannot be prolonged, the low recycling rate of smartphones means the material resource is frequently 
not adequately recirculated.39 Repurposing smartphones is better still from a life cycle impact perspective but 
there is no general infrastructure in operation to conduct this policy.40 The foreseen end-of-life option quickly 
falls down the waste hierarchy towards disposal because of failings in product design, waste collection, and a 
lack of consumer awareness.41 This situation cannot be continued indefinitely because many of the elements that 
are currently used in smartphone construction will shortly exhaust their known economically viable reserves.42,43 
 
 Figure 3. Elemental resources and design considerations for smartphones.36,43,44 
 
Dissecting the environmental impact of product design with a cradle-to-cradle perspective, the first 
consideration is the choice of feedstock. The expertise of those working in the chemical sciences is especially 
helpful here for the selection of starting materials and their optimum conversion into suitable chemical 
intermediates. The production of acetic acid is a simple example of this. Acetic acid is (amongst other things) a 
chemical intermediate and a solvent in terephthalic acid production.45 It is also biodegradable.46 Most acetic acid 
is produced from syngas.47 Usually it is desirable to find an equivalent renewable feedstock so the existing 
infrastructure can continue to be used. However anaerobic digestion to give the bio-gas (methane) precursor of 
acetic acid, or even direct gasification of biomass to syngas, is quite wasteful when represented in terms of atom 
economy (Figure 4).48 Bio-based acetic acid is conventionally made by the oxidative fermentation of 
carbohydrate,45 but still the co-production of carbon dioxide means a significant part of the feedstock is wasted. 
Anaerobic fermentation is more attractive from a biomass utilisation perspective, and theoretically all the 
carbohydrate feedstock can be converted into acetic acid.49 After use biodegradation transforms acetic acid into 
carbon dioxide and water, the precursors of photosynthetic biomass production. In this article the authors are 
limiting discussion to the material contained within products, but it should be noted that biomass production 
requires land, nutrients and water. Therefore the choice between suitable biomass crops should be carefully 
considered.50 
 
 Figure 4. Idealised schematics of bio-based acetic acid production. (a) methanol carbonylation; (b) oxidation of ethanol; (c) acetogenic 
fermentation. 
 
The emphasis of a circular economy on valuing resources, reducing waste and addressing climate change is 
clearly complemented by the ambitions of a bio-based economy.51,52 The value of biomass as a resource for 
producing chemicals greatly exceeds the potential of the present day bio-fuel market.53 As suggested for the 
example of acetic acid, the renewable material contained within bio-based products is recirculated through 
biodegradation (biological recycling) if the biomass feedstock is generated from managed forests or by 
sustainable crop production (including the use of processing waste streams as chemical feedstocks). However 
not all bio-based products are biodegradable, and the recirculation of novel bio-based products could be 
increased and further enhanced with the implementation of alternative end-of-life options (e.g. chemical 
recycling). The principle of the circular economy means it is not essential to immediately produce every organic 
product from renewable materials (biomass, CO2, etc.), and so concerns over the direct and indirect 
consequences of land use change can be kept in check with proportional areas of land dedicated to non-food 
crops, including wood. To circumvent sustainable land use issues, the wastes from food crops or elsewhere in 
the food supply chain are ideal sources of chemicals.54 
Wherever there is access to sustainable chemical intermediates, an efficient transformation to the end 
product(s) is also needed to create the best possible value. The development of low waste synthetic 
methodologies,55 supplemented by the improved efficiency of catalysts made from abundant, non-toxic metals 
or wastes,56 as well as biocatalysis,57 and the careful management of other major process auxiliaries (notably 
solvents) is an important step towards a circular economy. The benefit of re-evaluating a synthesis, especially 
the number of steps and the amount and type of solvent used, has been proven on a manufacturing scale for the 
SURGXFWLRQ RI VLOGHQDILO FLWUDWH WKH DFWLYH SKDUPDFHXWLFDO LQJUHGLHQW RI 9LDJUD.58 With solvent recovery 
organic waste was reduced from 22 liters for every kilogram of product to just 4 liters for every kilogram of 
product. 
Not only is the synthetic route of importance, but the composition and function of the final product needs to 
be compatible with a circular economy. Sometimes the synthesis and function of a chemical are interconnected. 
The Diels-Alder reaction for example is useful for the synthesis of self-healing polymers. Waste is avoided by 
using a synthetic approach to polymer cross-linking that is 100% atom economic, which then also allows the 
polymer to repair damage to itself through the reversible Diels-Alder reaction when heated (Scheme 1).59 
Notches in the material are repaired as the polymer crosslinks reorganise. It can be expected that with 
remanufacturing the polymer will have an extended lifespan as a result, and not need frequent replacement. 
 
  
Scheme 1. A self-healing copolymer of butyl methacrylate and furfuryl methacrylate reversibly crosslinked with a bismaleimide 
compound.59 
 
Innovation in technology and chemical design so that toxic chemicals may be replaced and unnecessary 
waste avoided demonstrates progress has been made, but even more will be asked of chemists in a circular 
economy. Beyond the development of clean synthetic methods, at the very least chemical synthesis and 
manufacturing must become compatible with sustainable global development goals.60 )URP WKH OHJLVODWRU¶V
perspective, products will be expected to store and retain the carbon that is a part of their chemical structure in 
such a way as to negate greenhouse gas (GHG) emissions.51 In this respect the petrochemical components of a 
product must be constructed so that they can be disassembled and processed for complete reuse or recycling. 
Only those multi-component articles that can be dissembled easily can be repaired economically.36 Alternatively 
the parts can be sent for remanufacturing to reduce primary feedstock use. Although retaining the value inherent 
to a functional end-product is ideal, when this is not possible mechanical recycling will also keep the carbon 
content sequestered, if on the down side the form and function of the product is lost to provide a secondary 
manufacturing material (Table 2). The quality of recyclates must be consistently high, and the recycling 
procedure efficient. This can be achieved by monitoring recycling processes and ensuring no traces of hazardous 
additives are present.61 Inseparable blends of recyclable plastics with biodegradable polymers should be 
avoided. The quality of recycled plastics can be impaired by contaminants, or at least introduce variability in the 
mechanical and thermal properties of the recyclate.62 If hazardous chemicals or biodegradable polymers are 
crucial to the function of an article otherwise mostly comprised of recyclable plastic, each part must be clearly 
identifiable and separable so that they can enter their own appropriate waste treatment streams. In order to 
sustain the value of chemicals and materials beyond these end-of-life processes, product design must embrace 
current and future practices in a manner that is consistent with the European end-of-waste framework, whereby 
waste is transformed into a marketable product.35 This definition will be updated to help the European circular 
economy where waste is now viewed as a resource.2,37 
 
Table 2. Categories of material recirculation in a circular economy. 
 Cycle Level of chemical 
composition retained 
Example 
Reuse Component parts preserved Remanufactured parts 
(e.g. engines) 
Recycle Material/molecular 
(the form and function of 
the article is lost) 
Mechanical recycling 
(e.g. PET packaging) 
Renew Elemental 
(molecular composition is 
also lost) 
Biodegradation 
(e.g. compostable plastic) 
 
There are instances where petrochemicals are not appropriate starting materials for chemical synthesis. The 
use of a renewable feedstock is most important when a product cannot enter a formal end-of-life waste 
treatment. One example is the type of lubricant used on chainsaw blades and the engines of motorboats, where 
essentially all the lubricant is lost to the environment.63 In this case biodegradation of the lubricant is the 
preferred method of preventing pollution and long term ecotoxicity problems. Importantly for a circular 
economy, biodegradable products must be completely bio-based if the carbon embodied in the article is to be 
recirculated and not contribute to a net gain in GHG emissions (Scheme 2). Composting of bio-based products 
also helps balance nutrient cycles,64 and should be considered superior to uncontrolled biodegradation in the 
environment but producing a lower value resource than other types of recycling. Composite materials can 
contain many different elements and so a carbon-centric argument does not give the complete story. The rate at 
which hazardous elements and compounds can enter the environment is controlled by various pieces of 
legislation, primarily for the benefit of human health and environmental protection. In a circular economy 
attempts to reclaim these materials (or ideally avoid them in the first place) must be prioritised over measures to 
limit the impact of hazardous substances when released into the environment. 
 
 Scheme 2. Two examples of triglyceride derived bio-lubricants. TopDQHVWROLGHHVWHU5¶ +RU-ethyl-1-hexyl). Bottom: a partially bio-
based synthetic trimethylolpropane ester (R = fatty acid alkyl).65 
 
The reuse and recycling of bio-based products is equally valid in order to avoid waste, but biodegradation of 
fossil derived products is not compatible with the circular economy ethos of maximising the potential of 
resources in a manner consistent with climate change targets.66 Although out of the scope of this discussion, this 
point also highlights the need for low carbon energy to power manufacturing,67 and products should be designed 
to be energy efficient in line with the EU directive on eco-design where applicable.68 All these considerations 
combined provide the basis for the design, production, and end-of-life treatment of environmentally benign 
products (Figure 5). 
 
 
Figure 5. Cradle-to-grave life cycle considerations in product design applicable to chemical research and development. 
 
3. Demonstrating recirculation 
&RQWHPSRUDU\ XVH RI WKH WHUP µUHQHZDEOH¶ LV DVVRFLDWHG ZLWK IHHGVWRFNV DQG HQHUJ\ VRXUFHV DQG VR ELR-
based products would therefore be described as being made from renewable materials. It is important to 
recognise that a narrow focus to research development goals, or poorly executed product design, can lead to bio-
based products that may not themselves actually be renewable, nor possible to recirculate the material resource 
in a circular economy. The following examples of chemistry offer an indication of the measures required to 
ensure recycled and renewable materials are valued and not wasted. 
When attempting to produce conventional products from biomass, feedstock selection is influenced by any 
limitations to the available technology. Green chemistry metrics (typically equations for calculating waste) help 
quantify this,69 but in reality much more information is needed for a comprehensive life cycle assessment 
(LCA).70 Recently a detailed analysis has shown that the environmental impact of bio-based 
hexamethylenediamine (HMDA, the precursor to nylon-6,6) is greater than its petrochemical equivalent and the 
economic benefit is lower (Scheme 3).71 Cultivation of a food crop for the starch feedstock, and even simple 
processes such as steam heated drying incur large energy and emission penalties. It is therefore important to be 
able to appreciate the efficiency with which biomass is produced, transformed, and then used,72 and whether it is 
too energy intensive or wasteful to be regarded as the basis of a sustainable manufacturing process. 
 
 
Scheme 3. Simplified synthetic routes to hexamethylenediamine (HMDA) from bio-based 5-(hydroxymethyl)furfural (HMF) or 1,3-
butadiene.  
 
Life cycle assessment is not often applied to laboratory scale chemistry, but the same LCA principles that 
can be used to describe biomass production and chemical manufacturing can be used to equal effect in research 
and development situations.73 ,QVWHDG LW LV PRUH FRPPRQ WR VHH µJUHHQ¶ RUJDQLF V\QWKHVLV EHLQJ SUDFWLFHG
justified by the replacement of hazardous chemicals, the optimisation of new and efficient alternative 
technologies, and quantifying waste reduction.74 This research drive is helping to accomplish the synthesis and 
manufacture of many bio-based chemicals to replace equivalent petrochemical products,75 as already shown for 
HDMA, and other so-called green chemicals. Unfortunately a retrospective LCA often casts doubt over new, 
and presumed green, chemical products,71,76 hinting that the quite agreeable research goals of green chemistry do 
not always go far enough. The early implementation of LCA to guide chemical process development must 
become more common so not to slow the development of a circular economy. Greater training and expertise in 
LCA is certainly needed and would be warmly welcomed by the chemical sector. 
An important aspect to the assessment of the environmental benefits of bio-based products is the location of 
the biomass and its proximity to the associated chemical processing plants. It is nonsensical to transport large 
volumes of low value biomass across long distances as happens today,77 although the fact that this is common 
practice demonstrates it is economical. Depending on how a product is used the transportation of the raw 
material is not often a major contributor to overall life cycle impacts. The improving social-economic conditions 
in developing countries is changing the distribution of global demand for energy and chemicals, providing 
another reason to reconsider the locations and design of chemical manufacturing sites. At the moment 
manufacturing is often in the right place (near excellent biomass resources and fast growing markets) but for the 
wrong reasons (cheap labour and relaxed environmental protection regulations). We can no longer hold the view 
that polluting practices can be exported out of North America and Europe. As developing countries become 
more prosperous, demands for tighter environmental protection to be enforced should increase. There is a 
possibility that more manufacturing will then move to Africa, but after that there will be nowhere else to go in 
the search for cheap production of chemicals and other goods. The designers and engineers of new plants and 
processes should now place the preservation of water, soil, and air quality at the forefront of their ambitions. 
Traditional biomass processing operations in developed countries such as paper mills are real possibilities in this 
regard given their location next to large (and presumably sustainably managed) forests, the existing 
manufacturing and transportation infrastructure around them, and the fact that the demand for newsprint in 
traditional markets is declining leaving the mills open to alternative manufacturing possibilities.78 
The full concept describing the recirculation of resources has been represented as the following diagram, 
consistent with the EU waste hierarchy but emphasising the return to use of materials embodied in functional 
products (Figure 6). Conceptually the cycle of Figure 5 is completed through the management of sustainable 
feedstocks and responsible land use. In summary, reuse through refurbishment and remanufacture is the most 
direct cycle. Reuse maintains the form of the article and so the energy input originally required to make the 
product is not squandered after one use (Table 2). Mechanical recycling deconstructs each article but the 
chemical composition is retained (e.g. used PET bottles are melted and extruded into PET pellets). Reshaping 
the recyclate into new products requires energy, but there is a potential advantage in that there is now flexibility 
with respect to the end product, a choice which could be market driven. Biological recycling (either composting 
or ultimate biodegradation in the environment) renews a bio-based feedstock in the sense that a carbon balance 
is restored. Thus recirculation is the complete return to use of the material resource that comprises a product, by 
anthropogenic or natural proceses, and without waste.79 The order of preference for end-of-life options is 
dictated by the value of the material, as governed by its form and available function. 
 
 
Figure 6. Chemical product cradle-to-cradle life cycle stages in a circular economy. 
 
Sometimes there is a temptation to assume a substance or material is biodegradable or recyclable (amongst 
other claims) without an actual demonstration how efficiently this occurs and under what conditions. 
Researchers should also consider in detail the legislative field that controls the intended applications of their 
products. A good example of product design for optimum recycling in line with regulation comes from the 
natural fiber composites of Bourmaud and co-workers,80 who have shown a thorough knowledge of the applied 
aspects of their research. By conducting the relevant tests, they were able to prove their materials are recyclable 
as is required for the disassembly and recovery of end-of-life vehicles and their components by EU law.81 These 
polypropylene-hemp fiber composites are therefore shown to be a viable commercial product for the automotive 
sector and not just an academic curiosity. A new proposal from the EC has been made to shift the current 
emphasis on the recycling of vehicle parts (and waste EEE) to refurbishment in order to better preserve the 
value of the functional parts.82 This calls for new innovations as the circular economy comes into force. 
When developing new materials such as bio-plastics and their composites,83 the product design must balance 
the anticipated number of recycling loops with optimum performance and lifespan. For research and 
development scientists this may mean conducting mechanical recycling testing for example, probably through a 
collaborative research effort that may have otherwise been overlooked in preference of other pursuits. The 
choice of materials used in a product should reflect a preference to reuse and recycle, and combining materials 
with different lifespans and end-of-life management pathways should be avoided where possible, as it may 
unnecessarily shorten the time to product redundancy or interfere with recycling procedures. 
Although it is far from instantaneous, the main purpose of biodegradation is to prevent waste and pollution, 
which along with resource preservation is the basic objective of a circular economy. Biodegradation should only 
be considered for products that cannot be effectively reused or recycled to retain their value. The need to design 
certain products to biodegrade may be linked to their function, or indeed user habits. A controversial aspect of 
this argument is plastic waste. While we endeavour to recycle (mostly petrochemical derived) plastics,84 in 
reality large volumes are disposed of, which has led to alarming pollution problems and issues for a circular 
economy.3,85 For instance microplastics in the oceans are hugely damaging.86 The articles associated with marine 
activities will often contain non-recoverable substances (e.g. antifouling agents and paints for boat hulls, as well 
as sea fishing equipment), and must be designed to biodegrade for the sake of the environment and a circular 
economy. Otherwise plastic pollution is the result of industrial and municipal practices and consumer attitudes 
to waste. Strategies to combat plastic pollution in marine environments are ongoing.87 
If we are not capable of recycling materials then it may be that they should be bio-based and biodegradable, 
despite the loss of function and therefore value incurred. Biodegradable plastics have been viewed in the past as 
a solution to the contribution of plastics towards landfill.83,88 However it must be said that although recycling 
rates for plastics are lower than what is actually possible,89 this is not because of inherently insurmountable 
technical issues. In this case introducing greater biodegradability into plastics will not encourage less waste, and 
where there are ways to preserve the chemical structure of the plastic by recycling, these approaches need to be 
encouraged. Here policy and communication, incentives and responsibility must go hand-in-hand with 
intelligent product design to meet European targets for higher rates of recycling.35,90 
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by 2030.1 Meanwhile waste incineration has become an increasingly popular way of eliminating landfill while 
generating energy in the process. Sweden for example actually imports waste to convert into energy through 
incineration.91 Despite the waste treatment aspect, energy recovery from waste formed of petrochemical 
products should not be considered as contributing to a true circular economy. An energy intensive 
manufacturing process for a low value product only succeeds with the availability of cheap fuel. Cement kilns 
favour carbon rich fuels because they require an extremely hot flame to melt the precursor minerals and cause 
them to react. Solvents are one type of product that are typically viewed as a post-application fuel for cement 
kilns. Commercial demands and government policies that advocate energy production through waste 
incineration not only promote growth in an industry that thrives on abundant, low value waste, but in treating 
waste as a feedstock for energy actually encourages material wastefulness. This is contrary to the objective of a 
circular economy, despite more sympathetic accounts in the literature.92 The push factor to reduce landfill for 
environmental reasons is matched by the economic pull of the energy market, and in much the same way as 
planned obsolescence was implemented to create wealth, the broader long term impact of the policy was not 
fully considered. 
It can be argued that carbon capture after waste incineration of non-biomass derived products fulfils the 
definition of recirculation proposed here, but only if the carbon is retained in a reusable form. Despite the added 
benefit of energy recovery absent when bio-based products are biodegraded, conversion of the captured carbon 
dioxide into chemical intermediates is not trivial, and despite its obvious potential can have a significant 
environmental impact depending on product selection.93 Sequestering of CO2 is not consistent with a circular 
economy because this equates to a loss of resource,94 creating a waste in a form with no value. Besides, 
investing and managing carbon sequestration for its own sake without development of chemical or fuel 
production from the captured CO2 is not profitable, and recently the approach has faltered in the UK because of 
negative policy decision making regarding low carbon energy.95 
Options for carbon capture and utilisation (CCU) fall into 3 categories: direct use of CO2 after separation,96 
biological transformation, and chemical synthesis. The direct use of captured CO2, as a supercritical solvent for 
example, is now routine and diversifying into varied applications.97 Algae are able to convert the carbon dioxide 
from flue gases into chemical products,98 and recently it has been shown that catalysts based on the abundant 
metal aluminum can convert the carbon dioxide in waste flue gases into cyclic carbonates, which find use as the 
electrolytes of lithium ion batteries and as precursors to polycarbonate plastics.99 
If a polycarbonate made from captured CO2 and other recirculated feedstocks could be incinerated to 
produce energy, and the resulting carbon dioxide captured and utilised again in the same fashion, that 
manufacturing and waste disposal infrastructure would lend itself to the concept of a circular economy. A 
possible example takes limonene, an alkene and the major component of the essential oil of citrus fruits,100 to 
form a renewable polycarbonate or polyurethane upon reaction with carbon dioxide.101 
The related idea of a methanol economy has been proposed by Nobel Prize winner George Olah, where 
methanol is used as a fuel, manufactured from the carbon dioxide emissions created by burning that methanol 
(Figure 7).102 This is a tight, fuel orientated recirculation cycle, but as with the production of plastics from 
captured carbon dioxide, the concept should be considered as a valuable approach for the control of GHG 
emissions, and for the production of commodity chemical products (i.e. methanol) without a net depletion of 
resources. The conversion of atmospheric CO2 into methanol is an especially interesting development in this 
field.103  
 
 
Figure 7. A schematic of the material flow in a methanol energy economy. 
 
4. Scientific innovation enabling the circular economy 
New technologies that assist the recycling of products are highly valuable of course, but typically the 
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more easily and comprehensively recirculated is a much better approach to a circular economy, in effect 
eliminating the problem rather than having to find a solution. An intriguing example of this design issue is 
found in liquid crystal display (LCD) screens. Before proper legislative measures were put in place, electrical 
and electronic equipment (EEE) was routinely sent to landfill because it was too difficult to extract value from it 
once disposed of.104 Even now after bans on the export of hazardous waste to developing countries,105 and the 
EU waste EEE directive,106 because of the continued difficulty in processing LCD screens and other EEE waste 
streams, illegal shipments of this resource are still made to developing countries as scrap.107 The release of toxic 
chemicals from unregulated EEE waste processing has created a shocking environmental health and safety issue 
in these regions, where vulnerable people are compelled by financial reasons to attempt such practices, and too 
often without any protective equipment or formal training.107,108 This fact is recognised by the EC in the new 
circular economy action plan.2,3 
As expected, the original design of LCD equipment has much to do with the ability to then recycle it at the 
end of its useful functional life. Thin, yet composed of several layers containing many different materials 
(Figure 8),109,110 only recently has the automated disassembly of LCD televisions been technologically 
achievable.111 The EU Ecolabel certification created an incentive to redesign televisions in order to make 
disassembly for recycling effective,112 and nurtured progress in simplifying the recycling of LCD equipment by 
removing the hazardous substances that complicate safe disposal.113 Although the EU Ecolabel instructions 
require that televisions are designed for easy disassembly, and the use of toxic substances is controlled, mercury 
is still permitted in fluorescent lamps. Furthermore the EU Ecolabel is not mandatory, but progress towards a 
circular economy will require these sorts of stringent product design requirements to be more widely adopted. 
 
 Figure 8. A simplified, exploded diagram of the layers in a LCD screen.109,114 
 
Scientific innovations now permit the extraction of liquid crystals from displays,115 and the removal of 
indium metal from backing films.116 Both processes certainly complement the mechanical recycling procedures 
now in place with the primary aim of metal recovery, plastic recycling and correct mercury disposal,113,117 
However, it would be far preferable to not have any toxic mercury or rare and expensive indium in the product 
in the first place. Improving technology in the LCD sector now means that a significant proportion of screens 
are now lit by LEDs,114 and no longer require mercury containing cold-cathode fluorescent lamps (CCFLs). 
Light emitting diodes (LEDs) can be recycled and are covered by the EU waste EEE directive.106 The latest 
advance in organic LEDs (OLEDs) is presently limited to premium LCD products, and research is ongoing to 
improve fabrication and performance of long lived and energy efficient devices.118 A greater understanding of 
how to best design OLEDs on a molecular basis is still being established,119 but much more work on optimal 
design for reuse and recycling needs to be initiated.  
Organic LED displays require an indium tin oxide (ITO) transparent conducting film electrode just as 
standard LED displays do. Indium is on the EU critical raw materials list,120 and as such greater efforts to limit 
our dependence on this metal are needed. Graphene has been proposed as an alternative material to replace 
ITO.121 Advantages in a life cycle context have been calculated to be in favour of graphene, an important step in 
establishing the basis of research in this field.122 Nevertheless we must be careful to consider the broadest 
implications of any new manufacturing process, with graphene often produced using reprotoxic solvents that 
may soon have REACH enforced restrictions imposed on them.123 
The contrast between end-of-pipe waste treatment and practices inherently designed to adhere to the circular 
economy concept can also be found in the textile dyeing industry. The waste water produced from the dyeing of 
clothes is extremely voluminous, and creates pollution in places where communities are not protected by 
environmental regulations.124,125 Water purification using membrane technology,126 complements chemical and 
biological waste water treatments, and advantageously is not consumed in the purification process, even 
allowing for reclamation and reuse of waste water and the chemicals retrieved from it.124 Mesoporous carbon 
supports for photocatalytic purification of water,127 or simply used as a reversible solid absorption medium,128 
may represent an advance in this technology but the fundamental problem of the water pollution still persists. 
Ironically membrane fabrication is itself a source of water pollution,129 emphasising the need for a broad 
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The latest advances in the textile industry have sought to completely eliminate water use from dyeing 
processes. It is estimated that 12% to 40% of the dye used in textile manufacturing ends up being washed into 
effluent, which amounts to 40 liters or more for every kilogram of textiles produced.124,130 Waterless dyeing 
using supercritical carbon dioxide drying represents one advance that helps prevent the contamination of water 
in this way.131 It is feasible that the carbon dioxide might be recycled on site as is the case for supercritical CO2 
extractions and chromatography.132 Alternative solutions will also be needed that can drop into the existing 
infrastructure with immediate effect. To this end, organic solvent systems have been found that can replace 
water. Used in a fully recyclable system, dimethyl sulfoxide dyeing resulted in a 99% reduction in waste, as well 
as superior dye stability and no need for additional inorganic salts.133 Ionic liquids can also be used in dyeing, 
and the addition of 1-(2-hydroxyethyl)-3-methylimidazolium chloride to the dye bath is proven to eliminate 
color leaching into the wash water, preventing aqueous pollutants from ever occurring.134 
The waste water of textile dyeing is a preventable environmental hazard, but sometimes waste cannot be 
avoided. Furthermore, in some cases formal waste collection and recycling is also not feasible. To make matters 
worse, detergents for example also tend to have a very short functional lifespan. Surfactants enter the aqueous 
environment immediately after use, especially in the case of household cleaning products, and so the only option 
for recirculation within the concept of a circular economy is for biodegradation.135 Some conventional 
surfactants do break down in wastewater treatment plants, but the decomposition products can be alarmingly 
toxic.136 The problem of designing surfactants to biodegrade rapidly and completely to carbon dioxide and other 
innocuous chemicals is therefore more challenging and complex than might first be anticipated. To improve the 
environmental impact of aqueous cleaning products, scientists are now developing biodegradable bio-based 
surfactants from the oils of waste cashew nut shells,137 and other renewable chemical intermediates (Scheme 
4).138 One of the most promising classes of bio-surfactant would seem to be the alkylpolyglucosides, where the 
partnership of a hydrophilic sugar group and a hydrophobic vegetable oil derived alkyl chain results in a 
versatile, bio-based surfactant that biodegrades completely to water and CO2 in a period of 3 weeks.139 Used 
cooking oil is a suitable feedstock from which to produce surfactants with a reduced environmental impact. This 
is consistent with current EU management practices where through a defined specification an application can be 
found for waste materials to extend and increase its function and therefore value as a material resource.140 
 
 
 
Scheme 4. Top right: A cashew nut shell liquid derived surfactant.137 Bottom left: An alkyl polyglucoside made from glucose and a fatty 
alcohol (R = H or glucose).138 
 An example of a successful collaboration between a manufacturer and scientists, of the sort vital to the 
success of the circular economy, is the discovery of switchable adhesives for carpet tiles.141 The quantity of post-
consumer carpet waste created each year is estimated to be in excess of 4 million tonnes.142 Introducing 
switchable adhesives is different from an end-of-pipe recycling solution because now the product is inherently 
designed to make disassembly and recycling possible with the use of innovative chemicals. The binder between 
the carpet fibers and the bitumen backing is made from acetylated starch (Figure 9). It can be controllably 
deactivated with a mild alkali solution, allowing for the separation of the carpet tile components. The carpet 
fibers can then be recycled,143 and the backing remanufactured into more carpet tiles. By implementing extended 
producer responsibility, the service of the product is valued above the materials, which are recycled into new 
carpet tiles.144 The presence of the starch based adhesive advantageously eliminated the need for added 
brominated flame retardants with known environmental and health risks. Removing the need for these hazardous 
components means the recycled materials from the used carpet tiles can be processed more effectively, and not 
risk landfill because they do not meet chemical legislation requirements and other quality controls regarding the 
handling of hazardous waste. 
 
 
Figure 9. A simplified representation of the main layers in a switchably fixed carpet tile. 
 
Research into bio-based polymers is a huge area of interest, with rapid projected market growth backed by 
legislation in France for example.145 The sustainability of plastics has been widely studied in the literature. The 
main conclusions are that the scope of each LCA assessment is important and should fully embrace end-of-life 
considerations.146 This is where a significant portion of global warming potential associated with plastics is 
found. The present-day quantity of bio-based polymers in use restricts opportunities for mechanical recycling 
and so biodegradation or incineration is often preferred. Recycling would reduce the carbon dioxide emissions 
associated with polylactic acid (PLA) disposal for instance, as well as create energy savings because the 
synthesis of virgin polymer is avoided.147 It has been shown that the technologies and chemical auxiliaries used 
in bio-based polymer production could also be improved to reduce environmental impact.148 Even so, present 
day bio-based polymer manufacturing has a similar impact to petrochemical polymer synthesis, with room to 
improve for this emerging bio-based industry.146,149 Further recommendations for improving the sustainability of 
bio-based plastics have been suggested by Álvarez-Chávez et al., and include the use of wastes and by-products 
as feedstocks, safer additives, water recycling in manufacturing plants, and avoiding composites with 
petrochemical polymers that reduce overall biodegradability.148 
Life cycle assessments have produced some surprising conclusions regarding the optimum material and 
disposal options for different items of packaging. Food packaging is a sensitive subject because hygiene and 
food quality cannot be compromised, yet there is an overwhelming pressure to reduce packaging. If the poor 
performance of the packaging increases the likelihood of food waste, then the environmental impact of the 
surplus food production can overshadow that of the packaging. Lightweight,150 and recyclable,151 packaging is 
environmentally superior to typical multilayer alternatives if considered in isolation. However if the probability 
of any food loss incurred because of inferior packaging is also considered, the environmental burden of 
agriculture can reveal easily recyclable, lightweight monolayer packaging to be unfavourable.152 
Polylactic acid (PLA) is one of the most prominent synthetic bio-based polymers and generally performs 
well in comparative LCAs against fossil derived plastics.148,153 Although it now features in several types of 
plastic product (including food packaging) PLA nevertheless has some notable disadvantages to overcome with 
respect to its limited mechanical properties and thermal stability.154 It is also crucial to appreciate that PLA is 
only biodegradable in an industrial composting setting. The lower temperatures of home composting units are 
unsuitable and will reduce the quality of the compost.88 Supposedly biodegradable polymers can be persistent in 
the environment in the absence of correct end-of-life management, which is obviously a risk to a circular 
economy.155 Therefore more information must be communicated with new products to help them reach their 
intended end-of-life process. The chemical components of blends and composites involving bio-based polymers 
should have the same intended end-of-life pathway if they cannot be separated. Unfortunately the present day 
recycling of composite materials can be extremely challenging.156 Furthermore any impact of mineral fillers on 
biodegradation, disintegration and composting should be understood at the product design stage.157a 
Unconventional bio-based chemicals tend to have a complementary structure to the precursor biomass, 
rather than sacrifice the inherent functionality of the feedstock just to replicate their crude oil derived analogues. 
Polylactic acid (PLA) fits this description, as it is produced from the fermentation product lactic acid. 
Contrastingly polyethylene terephthalate (PET) has now been made exclusively from renewable resources, but 
the synthesis is protracted and low yielding,158 and can involve hazardous reagents. As a replacement for PET, 
polyethylene furanoate (PEF) has a more amenable chemical structure for a synthetic target produced from 
biomass (Scheme 5).159 The terephthalate monomer is replaced by 2,5-furandicarboxylic acid (FDCA), which 
although offers some technological advantages,160 PEF is severely restricted by the present day manufacturing 
scale and cost. There is a perception that PEF and other new types of emerging bio-based polyesters will 
contaminate PET recyclates and reduce the quality of this secondary manufacturing material.161 A hesitance by 
end users of PET to make this quite major shift in material use stems from the short term uncertainty and 
possible negative effects that might be experienced during a transition phase. This sort of barrier to achieving 
longer term benefits is not a new issue and historically is overcome by the tenacity of a few proactive companies 
willing to spearhead change.162  
 
 Scheme 5. The synthesis of bio-based polyethylene terephthalate (PET) and polyethylene furanoate (PEF). 
 
Future technological advances may open new avenues for increasingly diverse recycling methods, and this 
can be taken into account when developing improved chemical products for a circular economy. Although 
commercial realisation is strongly dependent on the scale of the available recyclate that can be processed, the 
development of chemical recycling is one technology that would greatly help with the recirculation of novel 
plastics. Chemical recycling of plastics involves a depolymerisation to return back to the monomer. This 
approach to closed loop recycling preserves the functionality and value of the feedstock where otherwise only 
open loop recycling might be feasible, or perhaps thermal instability means mechanical recycling degrades the 
polymer and impairs its performance in subsequent applications.157b In principle all polyesters can be hydrolysed 
or transesterified to produce monomers for the synthesis of new plastics,163 but chemical recycling is particularly 
appropriate for bio-based plastics that cannot be recycled using the established means.83 Chemical recycling of 
polyolefins is a less pressing issue because mechanical recycling is effective, but it is interesting for the creation 
of intermediates with the broader potential as a cheap chemical feedstock.164 This sort of chemical recycling to 
give a less specific product stream (also known as feedstock recycling, e.g. gasification into synags and olefins) 
is appealing for mixed wastes and composites that are difficult to separate into pure waste streams.165 
The chemical recycling of PLA is well understood, and can be applied in such a way to either return to the 
lactic acid or lactide pre-cursors of polymerisation, or even provide lactate esters (Scheme 6).166 Ethyl lactate is 
recognised as a green solvent and is a valuable replacement for more toxic alternatives in cleaning products and 
formulations.167 Other polymers suitable for chemical recycling include the polymethyl methacrylate found in 
LCD equipment,168 and nylon which can be recycled using supercritical fluid solvents.169 
 
 Scheme 6. Chemical recycling options for PLA. 
 
5. Outlook for a sustainable chemical industry 
Research goals across the scientific disciplines have clearly been influenced in the recent past by concerns 
over climate change, the demand for renewable energy, sustainability and environmental protection. Now the 
ZRUOG¶VQHHGWRDVVRFLDWHDJUHDWHUYDOXHWRPDWHULDOVDQGWKHVHUYLFHSURYLGed by products can be considered as 
a topic of equal importance. In a circular economy it is not enough to just replace unsustainable feedstocks with 
biomass without optimising processing and product design to avoid waste and inadvertent environmental 
damage. Present day end-of-pipe waste management is not sufficient either, and cannot create a circular 
economy by itself.170 Furthermore, present day recycling practices are not comprehensive enough in how they 
separate wastes to be able to achieve the complete recirculation of materials.171 This work has described how 
product design, when developed in harmony with recycling practices,172 can help achieve optimum material use 
and minimise waste. The efforts of product designers must be assisted by policy makers who have a 
responsibility to introduce quality control protocols to help direct waste into the appropriate end-of-life 
recirculation processes,35,173 and yet remove the regulatory barriers to a circular economy.174 7KXVµZDVWH¶LVQRZ
the feedstock of a circular economy, reducing demand for those primary resources with an observably and 
worryingly finite existence. If a reuse and recycle strategy cannot be foreseen then chemicals must be designed 
to biodegrade, and in these cases a renewable resource is required for their synthesis. Here the recirculation of 
materials is shepherded by the biological processes of photosynthesis and biodegradation. 
The aspirations of research and development chemists in industry and academia can be subtly tweaked to 
better incorporate the goals of a circular economy. At the same time there is a new responsibility on the 
designers of products to communicate their needs at chemical R&D level to encourage improvements in 
chemical synthesis and the products they make. Adopting the recommendations suggested throughout this 
article will help scientists future-proof their work, making it more relevant to the increasingly regulated 
chemical sectors and more appealing to funding bodies.  
The use of environmental assessments (typified by the LCA) must become more prevalent. The benefit of 
LCA to guide early stage chemistry as well as identify the emissions and land use associated with large scale 
processes is huge. Unfortunately the availability of data is restricted and the necessary expertise is not 
widespread. The legislative aspect of the circular economy does not help in this respect; instead it defines 
ambitions and introduces the regulatory targets needed to achieve those ambitions. Some guidance on waste 
management and resource efficiency will be issued by the European Commission.2 However this does not equip 
scientists with the tools they need to contribute to a circular economy. As a first step chemists should become 
more acquainted with published examples of LCA and other forms of environmental assessment (as well as 
complete sustainability assessments of course). From here collaboration with environmental scientists is the 
obvious way forward for chemists to understand the environmental implications of their research and improve 
process development. 
Whether a scientist has ambitions of contributing to a circular economy or not, being able to demonstrate the 
recyclability of new products,175 or being able to show biodegradability through standardised testing,176 and 
establishing whether they are fit for REACH compliance,177 will become important if not compulsory. The 
obvious choice for research scientists producing novel materials and substances is to establish strong 
interdisciplinary links with biodegradation labs, ecotoxicity specialists, collaborate with manufacturers, and 
understand the regulatory field. It is also vital to consider products in terms of the service they provide, not just 
in terms of chemical composition. 
Generally speaking, synthetic chemists would do well to understand some of the prominent regulation, 
certification and labelling schemes relating to bio-based content and sustainability to guide product design. If 
there is an awareness of product requirements beyond direct measures of performance at an early stage of the 
design process, there is a better chance of achieving customer acceptance and commercial realisation. For 
instance, certification of bio-based content does not require the product to be entirely bio-based in origin. 
Usually the assessment is on the basis of carbon mass only, and the lower limit can currently be as low as 20% 
bio-based (carbon) content.178 Sustainability certification, for example International Sustainability and Carbon 
Certification (ISCC),179 DQG UHVSRQVLEOH GHVLJQ FHUWLILFDWLRQ VXFK DV µ&UDGOH&UDGOH¶,180 have quite precise 
requirements that must be adhered to. These include bans on the inclusion of certain chemicals and the 
offsetting of emissions, all of which are helpful criteria to evaluate products with. New toolkits that inform users 
about the steps towards a circular economy are a useful educational platform also.181 
From an industrial perspective, symbiosis,182 where the output of one process is the input of an otherwise 
unrelated process, is a convenient approach to eliminating waste and primary resource demand. Particularly 
appealing is the use of carbon dioxide and its sequestering into the chemical structure of recirculated 
products.183 The use of wastes and recycled materials might be an uncomfortable concept for research chemists 
who deal with pure, refined chemical intermediates, but this position is being eroded away with time as 
innovative examples begin to appear in the literature,184 especially in materials science.185 The opinion of 
industry is quite different, with companies increasingly looking to supplement the revenue from their traditional 
(and sometimes declining) business by valorising their waste stream. 
To take a final example, the impact of the digital revolution on the paper and pulp industry has forced the 
sector to diversify its product portfolio and reduce its costs.186 One recent advance has demonstrated the 
possibility to co-produce cellulose pulp (for paper production) and a valuable lignin derived oil from the 
waste.187 Even sawdust from biomass pre-processing can be converted into chemical intermediates such as 
levoglucosenone and its downstream products for the fine chemicals sector.188 There is a long standing 
environmental issue with the sulfite liquors of the pulping process,189 but this is a resource too, and can be used 
as a feeedstock for microbial polyhydroxyalkanoate (PHA) production.190 Add to this the significant recycling 
of paper,191 and the paper and pulp industry appears to be moving towards a circular model.192 The example of 
the paper industry demonstrates that the challenges and hence opportunities a circular economy brings to 
chemists are substantial, not just in their own discipline but across all the manufacturing industries and the 
energy sector. 
Achieving maximum material recirculation will require certain practical steps to be made, such as increases 
to recycling capacity and stronger markets for the secondary materials it creates. Equally the transition to a 
circular economy is absolutely reliant on innovative technologies and improvements to how product design is 
viewed and executed.3 Despite some criticism of the European circular economy political strategy,193 
economists and social scientists have taken it upon themselves to understand and define the principle with a 
bottom-up approach.194 Now the stage has been set for chemistry and its associated disciplines to take advantage 
of an exciting revolution in chemicals and product design.195  
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